Introduction {#s1}
============

The classical consensus about the hematopoietic stem cells (HSCs) is that in postnatal life, hierarchical differentiation occurs in the bone marrow from HSCs that are defined by a self-renewal ability to stably reconstitute life-long blood components \[[@R01]-[@R05]\]. The hierarchical differentiation of HSCs first results in common myeloid progenitors and common lymphoid progenitors. Common myeloid progenitors then differentiate into granulocyte monocyte progenitors and megakaryocyte erythroid progenitor, the latter further segregating into erythrocyte and megakaryocyte progenitors \[[@R06], [@R07]\].

A new concept debated that platelet-biased stem cells or megakaryocytes reside at the apex of the HSC hierarchy \[[@R08], [@R9]\]. The recent investigation describes that the differentiation of HSCs to other blood progenitors has a two-tier hierarchy; that is, HSCs or megakaryocytes directly differentiate to unipotent progenitors that are the predominant components in bone marrow \[[@R9]\]. However, this new theory could not explain how HSC transition through the multipotency to the restricted progenitor stages. Another recent report claims that the restricted lineage segregation has occurred during the early embryonic development \[[@R10]\], indicating that cell lineage has been carefully categorized prenatally, or cells are switched from multipotent to unipotent in embryonic development. Moreover, some reports indicate that HSCs are able to differentiate into restricted progenitors before cell division, or HSC transition to restricted blood progenitors is via transdifferentiation procedures \[[@R11]\]. Although these investigations have provided great details about the restricted progenitors, the entire picture about the production of restricted blood progenitors is still unclear.

Here we show that two groups of small spore-like progenitors of 1 µm were released from either thin filaments we called "progenitor-releasing filaments" (CRFs) or bud-like structures. The spore-like small progenitors are two types of restricted progenitors that may undergo transdifferentiation to become two distinct nucleated cells in the blood. Both CRFs and bud-like structures originate from tube-shaped structures that are lineage predetermined.

Materials and Methods {#s2}
=====================

Animals and materials {#s2a}
---------------------

Male BALB/c and C57BL6 mice of 8 to 16 weeks old were purchased from Vital River Laboratories (Beijing). Green fluorescent protein (GFP)-transgenic (FVB.Cg-Tg(ACTB-EGFP)B5Nagy/J) mice were from the Jackson Lab (Bar Harbor, ME, USA) and bred in the animal facility until 8 to 12 weeks old. Mice received food and water *ad libitum*. The animal committee in Khasar Medical Technology had approved the research protocol "stem cells in the mouse blood". All animal procedures followed the guidelines of the Animal Regulatory Office relevant to national and international guidelines. Anti-cluster of differentiation 34 (CD34) and anti-E-cadherin antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-GFP antibody was from Aves Lab (Tigard, OR, USA). Alexa Fluor goat anti-rabbit and donkey anti-mouse IgG antibodies were from Invitrogen (Carlsbad, CA, USA).

Mouse blood collection {#s2b}
----------------------

Blood was collected from five of 8- to 10-week-old mice of each strain via cardiac puncture under sterile conditions after CO~2~ euthanasia. Each syringe was prefilled with 100 µL heparin (0.5%) to prevent coagulation. Blood was placed on ice for about 5 min, then pooled (about 5 mL) and transferred to a 50-mL centrifuge tube, immediately diluted with 1 × phosphate buffered saline (PBS) at a ratio of 1:5 (blood/PBS), then centrifuged at 200 × g for 5 min. After removing the supernatant, the cellular portion was diluted with PBS in a 1:1 ratio, and then 15% paraformaldehyde was slowly added to a final concentration of 4% paraformaldehyde. Blood cells were fixed at 4 °C for overnight. The next day, cells were centrifuged at 200 × g for 5 min, then washed two times with PBS and centrifuged at 100 × g for 5 min and twice at 50 × g for 5 min to remove free erythrocytes. Visible red clots were removed during washing. After a final centrifugation and removing the supernatant, the cellular portion was fixed again with 4% paraformaldehyde at a ratio of 1:5 (original blood volume/fixative volume) and dropped (200 µm/drop from about 5 cm above) onto gelatin-coated histology slides. At least 20 slides from each strain of mice were stained and examined.

Immunohistochemistry and fluorescence staining {#s2c}
----------------------------------------------

For immunohistochemistry staining, slides were blocked for 1 h and incubated with anti-CD34 antibody overnight at 4 °C. After washing, slides were incubated with horseradish peroxidase-conjugated secondary antibody for 1 h, stained with diaminobenzidine (DAB), and then counterstained with hematoxylin before final mounting. For fluorescent staining, slides were blocked for 1 h, incubated with anti-CD34 or anti-E-cadherin and anti-GFP antibodies in blocking buffer overnight at 4 °C, then washed and incubated with a fluorescent-conjugated secondary antibody for 1 h. After the washing, cells were counterstained with 4',6-diamidino-2-phenylindole (DAPI) and visualized by conventional fluorescence microscopy (Leica, Wetzlar, Germany) and photographed by use of a digital camera (Leica, DFC500). Control tissue was treated with non-specific antiserum of the same species.

Hematoxylin and eosin (H&E) staining {#s2d}
------------------------------------

Cellular portions from each mouse strain preparation were dropped on at least 20 slides. Slides were dried overnight, washed three times with PBS, and stained with H&E. Stained slides were visualized by standard fluorescence microscopy (Leica) and photographed with use of a digital camera (Leica, DFC500).

Results {#s3}
=======

Identifying progenitor-releasing filaments in mouse blood {#s3a}
---------------------------------------------------------

H&E-stained slides were examined by microscopy. Grouped thin filamentary structures were identified ([Fig. 1a](#F1){ref-type="fig"}). Most filaments were in bundles; each of the filaments was as thin as 1 μm and more than 500 µm in length. Amplified images revealed small dot-like materials that were weakly stained by H&E and located in the lumen of each filament. Some inclusions in the filaments were stained more to eosin, or red color ([Fig. 1b](#F1){ref-type="fig"}), which suggests that the inclusions in these filaments were relatively rich in proteins. Some filaments had branches ([Fig. 1c](#F1){ref-type="fig"}). In addition, the diameter of some grouped filaments with node structures was wider than those without node structures ([Fig. 1d](#F1){ref-type="fig"}). The size changes suggest that filaments can differentiate from thin filaments into those with wider nodes. Additionally, grouped DNA granules were identified near wider-sized filaments ([Fig. 1e](#F1){ref-type="fig"}).

![Identifying CRFs in mouse blood. Slides were stained with H&E. A group of CRFs was identified and imaged under lower magnification (a). High-magnification images revealed small eosin-stained materials in the lumen of each filament (arrows in b), filaments with branches (arrows in c), and filaments that were wider and had nodes (arrows in d). Grouped DNA fragments (arrows in e) were located close to the filaments. Bar in a = 50 µm; in b-d = 10 µm; in e = 20 µm. CRF: progenitor-releasing filament; H&E: hematoxylin and eosin.](jh-08-102-g001){#F1}

Tiny dot-like DNA in the lumen of the filaments {#s3b}
-----------------------------------------------

Fluorescent DAPI staining revealed that DNA was expressed in tiny dots in filaments. A bundle of filaments showed E-cadherin, GFP and DAPI staining ([Fig. 2a](#F2){ref-type="fig"}). DAPI staining under overexposed fluorescent light revealed that numerous small nuclear dots were located in the lumen of each bundled filament, indicating that the inclusion in the lumen of the filaments contained DNA. The adjacent regular-sized (about 10 µm) cell nucleus clearly illustrated the sizes of these tiny DNA materials. DAPI staining showed other numerous, tiny, separate DNA dots along a bundled filament ([Fig. 2b](#F2){ref-type="fig"}). In comparison to regular-sized cell nuclei, these small nucleus-like dots were stained very weakly by DAPI and were less than 1 µm in diameter.

![Tiny dot-like DNA in the lumen of filaments. Immunofluorescent staining was used to examine DNA expression in CRFs. A bundle of filaments stained with E-cadherin, GFP and DAPI (a). DAPI staining revealed numerous small nucleus-like DNA dots along a group of bundled filaments (b). Regular-sized cell nuclei (arrows in a, b) are included for size comparison. Bar in a = 10 µm; in b = 50 µm. CRF: progenitor-releasing filament; GFP: green fluorescent protein; DAPI: 4',6-diamidino-2-phenylindole.](jh-08-102-g002){#F2}

Spore-like small progenitors released from CRFs {#s3c}
-----------------------------------------------

All the images in this figure were collected under the same magnification for size comparison. Via immunohistochemistry, we observed that CD34^+^ small spore-like progenitors were released from CRFs ([Fig. 3a, b](#F3){ref-type="fig"}). In [Fig. 3a](#F3){ref-type="fig"}, the sizes of the spore-like progenitors were slightly different, suggesting that they continue to differentiate after being released. The filaments were empty and transparent after the release. The CRFs that released small spore-like progenitors were wider and had nodes ([Fig. 3c](#F3){ref-type="fig"}), indicating that the inclusions differentiated inside the filaments. A few small progenitors of different sizes were located adjacent to filaments, also suggesting that their sizes increased after release. Some red-stained small inclusions were still observed inside the filaments. A group of spore-like small progenitors were identified ([Fig. 3d](#F3){ref-type="fig"}) that were strongly stained with eosin and had similar sizes as the small spore-like progenitors that were released from the filaments ([Fig. 3a-c](#F3){ref-type="fig"}), which suggested that these small progenitors were the same type of spore-like progenitors released from CRFs. The released small progenitors in the images had similar morphologies, supporting that CRFs only released one type of small progenitors. These small spore-like progenitors were the progenitors of one-lineage blood cells, or restricted progenitors.

![Spore-like small progenitors were released from CRFs. Immunohistochemistry of brown-colored DAB staining indicated CD34 expression on filaments and small progenitors (arrows in a, b). A group of small red-colored progenitors located near the filament with nodes had the same color as the inclusion in the lumen (wide-head arrows in c). One small progenitor (arrow in c) had the same morphology as the small eosin-stained progenitors in (d). Bars = 10 µm. CRF: progenitor-releasing filament; DAB: diaminobenzidine; CD: cluster of differentiation.](jh-08-102-g003){#F3}

Progenitor differentiation after release {#s3d}
----------------------------------------

We examined CD34 expression in these filaments. Immunofluorescence images ([Fig. 4](#F4){ref-type="fig"}) revealed that both CD34 and GFP were irregularly but clearly expressed on the granules inside CRFs, with a cell pattern of small progenitors at the filamentary tip. CD34 and GFP expression suggests that they were expressed in the inclusions. CD34 expression was stronger and DAPI staining was dim in the small progenitor located at the end of CRFs, suggesting that this small progenitor underwent further nuclear reprogramming after being released.

![CD34-positive progenitors were larger after release. Immunofluorescent assays detected the expression of CD34, GFP and DAPI on filaments with branches. A small stem cell progenitor (arrows) located at the tip of the filament. Bar = 10 µm. CD: cluster of differentiation; GFP: green fluorescent protein; DAPI: 4',6-diamidino-2-phenylindole.](jh-08-102-g004){#F4}

CRFs were originally bundled {#s3e}
----------------------------

The ends of some grouped filaments were even up and tightly bound ([Fig. 5a, b](#F5){ref-type="fig"}), which suggests that CRFs were originally bundled and later became loose or unwound in circulation. Amplified images showed two groups of bundled filaments ([Fig. 5c, d](#F5){ref-type="fig"}). The staining color on the bundle sides of these two bundled filaments was different, but the staining color on the loose sides was the same, which indicates that these filaments were the same type. This observation could explain why CRFs within the same group were almost identical to each other but differed from those in other groups. The time when the bundled filaments entered the blood was different, which determined the status of the morphology or maturation in each bundled CRF. Two nucleated cells were closely attached on the filaments ([Fig. 5c](#F5){ref-type="fig"}), suggesting these cells were related to the filaments, or these cells determined the lineage of filament-released progenitors.

![CRFs were originally released from tube-like structures. The ends of tightly bundled filaments were even and with the same length (arrows in a and b). High magnification revealed that the filaments were identical (arrows in c and d). Two monocytes were tightly attached to the filaments (wide-head arrows in c). A long tube-like structure was detected (e). High magnification revealed that filamentary structures were released from the opening in the middle of the tube (arrows in f). Bars in a, b = 50 µm; in c = 10 µm; in d, f = 20 µm; in e = 200 µm. CRF: progenitor-releasing filament.](jh-08-102-g005){#F5}

CRFs were released from tube-like structures {#s3f}
--------------------------------------------

We further identified tube-like structures in the blood. These tube-like structures were more than 1,000 µm long and had a diameter of 30 µm ([Fig. 5e](#F5){ref-type="fig"}). A group of filaments were released from the middle openings of the tube ([Fig. 5f](#F5){ref-type="fig"}). These observations suggest that these tube-like structures were the original locations of CRFs. We believe that the thick outer layer of the tube-like structures can be further degraded after filament release, similar to the outer layers of the "erythrocyte sacs" reported previously \[[@R12]\].

Identification of bud-like structure-released spore-like progenitors {#s3g}
--------------------------------------------------------------------

We also found bud-like structures that were stained a copper color stain by H&E ([Fig. 6](#F6){ref-type="fig"}). All the images were collected under the same magnification for size comparison. Some bud-like structures that were less than 10 µm in size had similar morphologies and color, and were located close to each other ([Fig. 6a](#F6){ref-type="fig"}). Larger-sized bud-like structures were identified. They had inclusions that could be observed through the semi-transparent membranes ([Fig. 6b, c](#F6){ref-type="fig"}). Few small progenitors extruded through the membrane ([Fig. 6c](#F6){ref-type="fig"}). The leaf-like membrane of the bud-like structures opened to release numerous small spore-like progenitors ([Fig. 6d](#F6){ref-type="fig"}). These small spore-like progenitors were approximately 1 µm in diameter and had an identical morphology and color, indicating that they were the same type of progenitors. Comparing to the CRF-released small progenitors that had strong stain by eosin, the bud-like structure-released small progenitors showed weaker staining by eosin but stronger staining by hematoxylin, or were stained purple. We also identified segmented tube-like structures that showed copper-color after H&E staining ([Fig. 6e](#F6){ref-type="fig"}). Each bud-like structure may be released from one of the segment in this tube-like structure. A small bud-like structure could still be observed in the lumen through the broken area of tube-like structure. These data provide evidence of another type of spore-like small progenitors that had a distinct morphology and origin from CRF-released small progenitors.

![Identification of bud-like structure that released spore-like progenitors. Small bud-like structures of less than 10 µm that had similar morphologies and were stained copper-color were identified (a). Some larger-sized bud-like structures that contained dark inclusions were identified (b, c). Few small progenitors extruded through the membrane of bud-like structure (arrows in c). The leaf-like membrane of the bud-like structures opened to release numerous small spore-like progenitors (d). Bars = 20 µm.](jh-08-102-g006){#F6}

Discussion {#s4}
==========

We describe two distinct novel blood cell progenitors and structures, including the spore-like small progenitors, the CRFs, the bud-like structures, and the origins they are from. Although cell-sorting has extremely sped up data acquisition in many investigations, it can only identify cells that express the surface markers. Our studies found that the thick coating membranes of CRFs and the bud-like structures do not express most surface markers, and that the small spore-like small progenitors were only about 1 µm, which may explain why none of them were identified by the immunophenotypic cell-sorting method. In the previous study, we have found the progenitors of the erythrocyte, or "erythrocyte sacs" that do not express the surface marker \[[@R12]\]. Thus, we used classical and time-consuming methods for the current studies, which is by sorting cell morphologies under the microscope.

Although the mechanism of cellularization occurring inside CRFs and bud-like structures is still unknown, it is clear that genetic material and other proteins are needed to participate in the formation of specific progenitors. The acquisition of genetic material may occur inside CRFs or bud-like structures at very early stages or before their release from tube-shaped structures. Therefore, the genetic material should be small. We observed numerous DNA fragments that released from different cell nucleus (Supplementary [figure 1](#F1){ref-type="fig"}, [www.thejh.org](http://www.thejh.org)). The release of DNA fragments seemed not related to cell apoptosis, and may be due to some unidentified mechanism. We also believe that the DNA granules located very close to CRFs ([Figs. 1e](#F1){ref-type="fig"}, [3a, b](#F3){ref-type="fig"}) took parts in applying the genetic materials to the small progenitor production. These observations suggest that the genetic materials required for spore-like progenitor formation are from similar DNA fragments via a falling-off pattern via an unknown mechanism. Thus, the genetic material is DNA fragments and not DNA from nuclear division. In CRF-released progenitors, we believe that the genetic material was from the nuclei of cells that had the same lineage as the monocytes tightly attached on the filaments ([Fig. 5c](#F5){ref-type="fig"}) (Supplementary [figure 2](#F2){ref-type="fig"}, [www.thejh.org](http://www.thejh.org)). One nucleus could releases hundred DNA fragments that become the genetic materials to initiate the formation of many restricted progenitors. Our data provide evidence that the restricted progenitors are newly made, which support the report \[[@R10]\] that only the lineage-restricted progenitors are present in the postnatal life.

The expression of CD34, a well-known blood stem cell marker, on CRF-released small progenitors indicates that they are stem cell-related progenitors. One filament or one bud-like structure can release many similarly sized progenitors, suggesting synchronized production of progenitors in filaments or in bud-like structures. Although we could not provide data to trace the subsequent differentiation of these small progenitors after their release, we observed that the sizes of the small progenitors were not the same after release ([Figs. 3a, c](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}), which suggests that these restricted progenitors undergo transdifferentiation to become restricted cells in the blood. When the nucleus of the progenitors is fully differentiated, mitotic division begins.

We also identified the tube-shaped structures that are the origins or niches of CRFs or the bud-like structures. These tube-shaped structures have distinct differences in morphologies, their contents and the staining colors to H&E, suggesting that their specificities have been predetermined. Each niche is from the specific cellular area and produces only one type of specific cell progenitors. Also, these tube-shaped niches can migrate and release their contents in the circulation. Although the formation and the components of these specialized niches remained unknown, we believe that these tube-shaped structures locate in bone-marrow sinus or perivascular areas.

Because the size of these newly released small progenitors is similar to platelets, they locate in the same density of platelets in the blood before their fully differentiation and therefore, could be mistakenly classified as platelets. Thus, they may participate in the function credited to the platelets.

Our data support the new consensus that unipotent progenitors are the predominant components in bone marrow. However, our data do not support the HSC transformation into restricted progenitors, either hierarchically or two-tiered. We believe that the lineage segregation occurs during the embryonic development, so only lineage-restricted cells exist in postnatal life. The life-long production of the restricted progenitors in postnatal life is by forming new progenitors via the combination of the lineage restricted DNA fragments, the circulation proteins and other unidentified materials. Although transdifferentiation is the procedure for producing the spore-like progenitors, it may not be the procedure for other progenitor production, since we have found that epithelial progenitors are produced by particle fusion \[[@R13]\]. Thus, the progenitor forming procedures may vary depending on the lineage of the progenitor, which include particle fusion, transformation and other unidentified steps.
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